Kindling is an animal model of epilepsy and neuronal plasticity produced by periodic electrical stimulation of the brain. Electrophysiologic studies indicate that this phenomenon is associated with increased participation of Nmethyl-D-aspartate (NMDA) receptors in excitatory synaptic transmission. Biochemical studies suggest that a change intrinsic to the NMDA receptor-channel complex may contribute to the increase in NMDA receptor-mediated synaptic transmission. We tested this idea by measuring the binding of 3- , and tritiated N-[(l-thienyl)cyclohexylipiperidine ([3HJTCP) to rat hippocampal membranes. In this preparation these ligands are selective for the NMDA receptor, the strychnine-insensitive glycine receptor, and the NMDA receptor-gated ion channel, respectively. Kindling increased the density of CPP, glycine, and TCP binding sites in hippocampal membranes by 47%, 42%, and 25%, respectively. No significant changes were detected in the affinity of these binding sites. Surprisingly, alterations in the glycine binding site were detected in animals sacrificed 1 month but not 1 day after the fmal kindling stimulation. Thus, delayed upregulation of the NMDA receptor-channel complex may be one molecular mechanism that maintains the long-lasting hyperexcitability of hippocampal neurons in kindled animals.
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Kindling, a phenomenon produced by repeated administration of a focal electrical stimulus to the brain, is a widely studied animal model of epilepsy and neuronal plasticity. Initial stimulations result in little or no seizure response, but subsequent stimulations eventually result in intense limbic and clonic motor seizures (1) . Once established, this hyperexcitable state may endure for the life of the animal.
Enhancement of excitatory synaptic transmission may be one mechanism underlying this enduring hyperexcitability. A recent study demonstrated that kindling is associated with increased synaptic activation of N-methyl-D-aspartate (NMDA) receptors in the hippocampal formation (2) . Studies by our group indicate that kindling may bring this change about, at least in part, by increasing the sensitivity of hippocampal neurons to NMDA receptor agonists (3, 4) . These results suggest that an alteration intrinsic to the NMDA receptor may contribute to the electrophysiologic (2, 3) and biochemical (4) findings.
NMDA receptor-mediated neurotransmission operates by opening a calcium-permeable channel. Activation of this channel is controlled by ligands that act at multiple sites on the receptor-channel complex (5-7). One of these sites is a strychnine-insensitive glycine binding site (8, 9) . Glycine potentiates the opening of the cation channel by NMDA receptor agonists (8) and indeed may be required for their action (9) . If an alteration in the NMDA receptor is present in kindled animals, then this alteration could reside in the recognition sites for either glycine or NMDA. To begin testing these possibilities, we measured ligand binding to the NMDA and glycine sites with 3-[(+)-2-(carboxypiperazin-
channel blocker whose binding is a reflection of channel activation, was used to measure NMDA and glycine activation of the channel and to quantify the number of NMDA receptor-gated channels (10) (11) (12) .
METHODS
Kindling. Adult male Sprague-Dawley rats (Charles River Breeding Laboratories) underwent stereotaxic implantation of a bipolar electrode in the right amygdala under pentobarbital anesthesia (13) . After a postoperative recovery period of at least 7 days, animals were stimulated twice daily (a 1-sec train of 1-msec biphasic rectangular pulses delivered at a frequency of 60 Hz) at an intensity 100 ,A above the initial threshold afterdischarge. Stimulations were administered until the animals had exhibited at least three class 4 or class 5 seizures consisting of forelimb clonus, rearing, and/or falling (14) . Control animals underwent electrode implantation but were not stimulated.
Dissection and Membrane Preparation. Rats were sacrificed either 24 hr or 28-32 days after the last electrically evoked seizure and the hippocampi were removed by blunt dissection. Each pair of hippocampi was homogenized with a Polytron (setting no. 6 for 20 sec) in 10 ml of an ice-cold 50 mM Tris acetate buffer (pH 7.7) that contained 10 mM EDTA. After centrifugation (23,000 x g for 20 min at 40C), the membranes were washed by eight additional cycles of homogenization, resuspension in fresh buffer, and centrifugation. The membranes were frozen in a methanol bath chilled with solid CO2 and thawed at room temperature prior to the third and fourth centrifugations. Prior to the fifth centrifugation, the membranes were incubated for 15 min at 37°C. The fifth through ninth washes were performed with a 5 mM Tris acetate buffer (pH 7.2) that did not contain EDTA. Membranes were stored frozen after the third centrifugation (-70°C) until the day of the binding experiment. These steps were necessary to sufficiently reduce endogenous free amino acids (10).
[3H]Glycine Binding.
[3H]Glycine binding was measured in 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. To determine whether the increase in glycine binding sites was associated with alterations in activation of the NMDA channel, the effects of glycine on [3H]TCP binding were measured under nonequilibrium conditions. A 28% increase in the maximum effect of glycine on [3H]TCP binding was found in hippocampal membranes isolated from animals sacrificed 1 month after the last evoked seizure (Fig. 2) hippocampus 1 month after completion of kindling by angular bundle stimulation (22) . Our previous studies of other receptors suggest that differences in the site of kindling stimulation (amygdala versus angular bundle) or in the preparation (membranes versus slide-mounted sections for radiohistochemistry) will not explain this paradox (17) (18) (19) (20) (21) . The recent identification of two classes or subtypes of NMDA receptors (23) suggests an alternative explanation.
Monaghan et al. (23) suggest that there may be different subtypes or conformations of the NMDA receptor; the fundamental difference between these subtypes is that one preferentially binds agonists while the other preferentially binds antagonists. The normal hippocampus apparently contains approximately equivalent numbers of agonist and antagonist preferring NMDA receptors. We suggest that kindling selectively upregulates the antagonist-preferring subtype of NMDA receptor as measured here with the antagonist [3H]CPP. If correct, the study of kindling-induced changes in the NMDA receptor will provide an opportunity to elucidate the functional implications of these subtypes of NMDA receptor. The present findings are not sufficient to explain establishment of the kindled state because animals are kindled before these changes occur. Rather, we suggest that these modifications of the NMDA receptor serve to maintain the hippocampus in a hyperexcitable state long after induction of kindling. Nevertheless, some NMDA receptor-mediated responses are enhanced during the early stages of kindling (3, 4) . These effects must be brought about by some mechanism other than a change in receptor number. NMDA receptor and channel blockers virtually abolish the development of kindling (24) (25) (26) (27) , indicating that activation of the NMDA receptor may be critical for this process. Activation of the NMDA receptor also appears to be necessary for other types of neuronal plasticity, such as long-term potentiation (28, 29) , experience-dependent differentiation of the brain during the neonatal period (30) , and certain forms of learning (31) . However, kindling is the first form of neuronal plasticity in which it has been shown that not only is NMDA receptor activation essential for its development, but also that a transformation of the NMDA receptor occurs in the process. It will be interesting to determine whether this sort of "positive feedback" is unique to kindling or is common to many forms of long-lasting experience-dependent plasticity.
